Equations have been constructed for the transfer of 64 neutral solutes from water and from the gas phase to the solvent benzonitrile. The equations contain five descriptors and can be used to predict further values of the water-benzonitrile and gas-benzonitrile partition coefficients for a wide range of solutes. The water-benzonitrile equation has been extended to include ions and ionic species derived from acids by loss of a proton and bases by acceptance of a proton. Only two further descriptors are needed, one for anions and one for cations. A previous equation for transfer of neutral solutes from water to nitrobenzene has also been extended to include ions and ionic species. Comparison of the equations for transfer to benzonitrile and to nitrobenzene shows that the two solvents behave quite similarly, although benzonitrile as a solvent is a stronger hydrogen bond base.
2 benzonitrile are very similar to those of nitrobenzene, see Table 1 , including those that influence their solvent character. The Kamlet-Taft parameters π* 1 the solvent dipolaritypolarizability, α 1 the solvent hydrogen bond acidity and β 1 the solvent hydrogen bond basicity are important as regards solubility and partition of neutral molecules [1, 2] , and the solvent dielectric constant ε is a key parameter in studies of electrolytes. In spite of the similarity of these solvent parameters, there has been little comparison of the solubility properties of benzonitrile and nitrobenzene. In previous studies [3] [4] [5] , we have shown that two general equations, Eqs. (1) and (2) , can be used for the transfer of neutral solutes from water to organic solvents and from the gas phase to organic solvents. The dependent variable in Eq. (1) is log P, where P is the molar water to solvent partition coefficient for a series of solutes, and in Eq. (2) is log K where K is the dimensionless gas phase to water partition coefficient for a series of solutes.
Log K = c + e E + s S + a A + b B + l L (2) In Eq. (1) and (2) the independent variables, or descriptors, are properties of the neutral solutes as follows [3] [4] [5] : E is the solute excess molar refraction in cm 3 mol -1 /10, S is the solute dipolarity/polarizability, A is the overall solute hydrogen bond acidity, B is the overall solute hydrogen bond basicity, V is McGowan's characteristic molecular volume in cm 3 mol -1 /100 and L is the logarithm of the gas to hexadecane partition coefficient at 298 K. Examples of the coefficients in Eq. 1 are shown in Table 1 for partition from water to a number of solvents [5] . 
For anions j + = 0, for cations j -= 0, and for neutral solutes j + = j -= 0 so that Eq. (3) then reverts to Eq. (1). Values of the solvent j + and j coefficients are in Table 1 [6] [7] [8] [9] [10] , and descriptors for a number ions and ionic species are in Table 2 . In the present context, it is of some interest that we were not able to characterize the solvent nitrobenzene completely and could not obtain the j + coefficient for anions. However, we aim to compare equations for log K and log P for neutral compounds as between benzonitrile and nitrobenzene and hope to be able to characterize benzonitrile as regards partition of ions and ionic species.
Methodology
The experimental data that we use for neutral solutes refer either to log P values for "practical" partition between benzonitrile-saturated water and water-saturated benzonitrile, or to the Raoult's law infinite dilution activity coefficient, γ solute  , or Henry's law constants, K Henry , for solutes dissolved in (dry) benzonitrile. The infinite dilution activity coefficients and Henry's law constants need to be converted to log K values through Eq. 4 and 5.
Log P values for partition from water to benzonitrile can be converted to log K values through Eq. (6).
In Eq. 4 and 5, R is the universal gas constant, T is the system temperature, P solute o is the vapor pressure of the solute at T, and V solvent is the molar volume of the solvent. The calculation of log P requires knowledge of the solute's dimensionless gas phase partition coefficient into water, K w , which is available for most of the solutes being studied. Eq. 6
can also be used in reverse to convert log P into log K values for transfer from the gas phase into (wet) benzonitrile.
In the case of electrolytes, partition coefficients, or the equivalent Gibbs energies of transfer are sometimes available from water to dry solvents, mostly determined through solubility measurements. The method is much more complex than for neutral solutes, and requires knowledge of the ion-pair association constant in the organic solvent as well as an estimation of the mean ionic activity coefficient of the electrolyte in the organic solvent. In addition, the presence of hydrates or solvates will lead to errors in any determined log P value. Once log P for a neutral combination of ions has been obtained, it is necessary to use some particular convention to obtain values for the individual ions.
We use the convention that log P (Ph 4 P + or Ph 4 As + ) = log P (Ph 4 B -), the well-known TATB assumption. 6 6
For ionic species such as protonated amine cations or carboxylate anions, it is possible to obtain log P values through a quite different procedure based on the variation of pKa with solvent. For carboxylate anions, Eq. (7) can be used.
Log Log P(BH
In Eq. 8, BH + refers to the protonated amine and B to the neutral amine. If the TATB convention is to apply to log P(A -) and to log P(BH + ) then log P(H + ) values must be set out must be on this convention as well.
Results and discussion
The data that we have collected on solubility or partition of non-electrolytes is in Table 2 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . We distinguish, for the moment, data that refers to dry benzonitrile and to wet (that is water-saturated) benzonitrile, and include in Table 2 an 'indicator variable', I, for dry or wet benzonitrile. In order to ascertain if partitions into wet and dry benzonitrile are essentially the same, we applied Eq. 1 to the log P values in Table 2 Comparison of coefficients in Eq. 10 and 11 with those for nitrobenzene, Table 2, suggests that the main difference is that benzonitrile is an appreciably stronger hydrogen bond base, with a-coefficients -1.605 (benzonitrile) and -2.328 (nitrobenzene) in Eq. 1, and 2.030 (benzonitrile) and 1.147 (nitrobenzene) in Eq. 2. Interestingly, acetonitrile and nitromethane have almost the same hydrogen bond basicity, see Table 2 .
Once coefficients in Eq. 1 have been established for any solvent, it is then possible to attempt to obtain an equation on the lines of Eq. 3 for the partition of ions and ionic species. Marcus [32, 33] records Gibbs energies of transfer of a few ions from water to benzonitrile, but these are either calculated in some way, or are observed values, but not on the TATB convention. However, Gibbs energies of transfer on the TATB convention were subsequently determined by Namor and Ponce [34, 35] from measurements of solubilities of 1:1 electrolytes. These yield directly log P values for single ions. A few Gibbs energies of transfer of 1:1 electrolytes were also determined by Abraham [36] .
Chmurzyński and Wawrzyniak [37] have determined pKa values for pyridine-N-oxide and the three methylpyridine-N-oxides in benzonitrile and in water. These can be used in Eq. 8 provided that log P(H + ) and log P for the neutral pyridine-N-oxides can be established. The latter can be estimated from the known descriptors for pyridine-N-oxides and the coefficients in Eq. 10, but log P(H + ) remains to be found. We obtained a value for log P(H + ) that gave self-consistent values for log P for the protonated pyridine-Noxides and log P for the various cations. Details of the observed and calculated single-ion log P values are in Table 3 ; the descriptors for the ions are as before [6] [7] [8] [9] [10] . We find that log P(H + ) = -8.17 in order to include the pyridine-N-oxideH + ions, and that j + = -2.729 and j -= 0.136. Thus partitions of neutral molecules, ions and ionic species can all be correlated in one equation, 11 
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Log P = 0.097 + 0.285 E + 0.059 S -1.605 A -4.562 B + 4.028 V -2.729 J + + 0.136 J - (12) Log P values for the 16 ions in Table 3 are fitted by Eq. 12 with SD = 0.241 log units, which is quite reasonable. Some values of the coefficients j + and j for partitions of ions to other solvents are in Table 4 for comparison. It would be especially interesting to be able to compare the ionic coefficients j + and j for partition to benzonitrile with those for partition to nitrobenzene. Marcus [33] listed data for transfer of a few ions to nitrobenzene, but later on Namor et al. [38] used the solubility method to obtain data for a range of ions. Herrera et al. [39] , rather oddly, repeated the work of Namor et al. [38] but added nothing of significance and so we just use the data of Namor et al. [38] for transfer to dry nitrobenzene. Gérin and Fresco [40] used a direct method to determine partition coefficients of a series of trialkylammonium chlorides, bromides, iodides and perchlorates to wet nitrobenzene. Their results are quite compatible with those of Namor et al. [38] , and indicates that transfers of ions to wet and dry nitrobenzene can be combined in the same equations. An electrochemical method was used by Osakai et al. [41] to obtain partition coefficients for a series of alkylammonium ions to wet nitrobenzene; we have descriptors for some, but not all of the alkylammonium ions. The data of Osakai et al. [41] are relative, and we found that addition of 0.633 log units to the log P values brought them on to the TATB scale used by Namor et al. [38] . Chmurzyński et al. [42] have determined pKa values for protonated pyridine and a number of protonated pyridine-N-oxides in dry nitrobenzene. We can then use Eq. 8 to obtain log P values for these ionic species. Values of log P(B) for the neutral bases were estimated using the coefficients for transfer to nitrobenzene in Eq. 1 as listed in Table 1 , and descriptors for the neutral bases [10] . The value of log P(H + ) was found by trial and error to be -6.43, in quite good agreement with a value of -5.70 listed by
Marcus [33] .
Details of all the log P values for ions and ionic species are in Table 5, In addition to log P values for ions obtained from solubility or distribution experiments, there are a number of log P values from electrochemical experiments [43] [44] [45] [46] [47] [48] . Unfortunately, there is no consistency between the two sets of log P values. In Table   6 we list log P values obtained by the electrochemical method for those ions for which we can calculate values from Eq. 13. In most cases, our calculated values are more negative than those observed [43] [44] [45] [46] [47] [48] . We have no explanation as to why log P values obtained from solubility measurements, from direct partition experiments, and from the variation of pKa with solvent yield reasonably self-consistent values, and yet log P values obtained from electrochemical methods do not appear to agree with the first set.
The 'ionic' descriptors, j + and j for partition into benzonitrile, Eq. 12, and into nitrobenzene, Eq. 13, are quite close to each other. Comparison of these coefficients for a range of solvents, see Table 4 , shows that for partition to hydroxylic solvents j + is always large and negative and j is large and positive. For partition to the polar or moderately polar aprotic solvents, j + is again always large and negative but j is very small and positive. The coefficients for benzonitrile and nitrobenzene thus fit into the general pattern for other solvents. Table 6 Values of log P for transfer of ions and ionic species from water to nitrobenzene obtained by electrochemical methods; comparison with calculated values through Eq. 13.
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